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Abstract
NOx is the major pollutant coming out from diesel engine which needs to be minimized using innovative technologies. It has been 
found that SCR system with Urea or NH3 as a reducing agent is a promising approach to reduce NOx emission in order to meet 
the stringent limits on emission standards. In the current work NH3 flow rate has been varied from 0.2 kg/hr to 0.8 kg/hr and 
injected on to the exhaust gas coming out from the diesel engine, which in turn enters inside SCR catalyst, where it will undergo 
various reactions to convert NOx into free Nitrogen (N2). It has been found that 56% of NOx conversion is achieved with NH3
flow rate of 0.6 kg/hr. But for 0.8 kg/hr NH3 flow rate, it shows lower conversion, due to desorption of NH3 from walls of 
monolith and sintering effect. The simulation work has been carried out using CFD code AVL FIRE for validation purpose. It has 
been found that the experimental and simulation results are in close agreement with each other.
© 2014 The Authors. Published by Elsevier Ltd.
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1. Introduction
In NH3-SCR system, NH3 gas is inducted to the exhaust gas coming out of the engine. This NH3 along with exhaust 
gases enters inside SCR catalyst, which undergo various reactions to form N2. Ammonia acts as the reducing agent 
in the SCR catalytic converter. The most important reactions are:
            4NH3+4NO+O2՜Ͷ2+6H2O                                                                                   (1)
            4NH3+2NO+2NO2՜Ͷ2+6H2O                                                                             (2)
 4 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Organizing Committee of ICIAME 2014.
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Several researches have been carried out experiments by taking diesel as a fuel. Masaoki Iwasaki et al. [1] found 
that maximum DeNOx efficiency was achieved by using SCR catalyst as an aftertreatment device. But there are few 
limitations found in some literatures. Andrew P E York et al.[2] have considered vanadium based catalyst and 
Massimo Colombo et al.[3] considered Fe-Zeolite based catalyst for their experimental work. But these catalysts 
exhibit poor NOx conversion efficiency at a temperature range of 100-2000C. This is because at low temperature 
NO/NO2 does not adsorb effectively on the walls of the catalyst which is clearly shown in Johann C Wurzenberger et 
al. [4]. Cordielite material coated with platinum is an alternative SCR catalyst which will effectively get activated at 
lower temperatures, resulting in maximum NOx conversion efficiency which can be effectively used in light duty 
vehicles. Two most commonly used SCR reductants are anhydrous (dry) ammonia and aqueous ammonia or urea. 
Pure anhydrous ammonia is extremely toxic and difficult to safely store, but needs no further conversion to operate 
within an SCR. It is typically favoured by large industrial SCR operators. Aqueous ammonia must be hydrolysed in 
order to be used, but it is substantially safer to store and transport than anhydrous ammonia. Urea is the safest to 
store, but requires conversion to ammonia through thermal decomposition in order to be used as an effective 
reductant. While anhydrous ammonia offer slightly better performance, its toxicity and handling difficulty remain 
the biggest concern. Urea is not as effective but safer to handle which has made it the popular choice for automotive 
manufacturers. James A Sullivan et al. [5] studied the temperature-programmed activity of a series of oxide-
supported (TiO2, Al2O3 and SiO2) Cu catalysts formed from two different Cu precursors (Cu(NO3)2 and CuSO4) for 
the selective catalytic reduction of NO x using solutions of urea as a reductant. These activities are compared to 
those found using NH3 as a reducing agent over the same catalysts in the presence of H2O and it is found that 
catalysts that are active for the selective reduction of NOx with NH3 are inactive for its reduction using solutions of 
urea.
Recent development in SCR technology considers readily available ammonia gas rather than aqueous ammonia 
solution. Ammonia in gas form can be supplied using a special storage container or specially design ammonia 
storage system. Table 1 shows the properties of Ammonia gas.
Table 1.1. Properties of Ammonia (Courtesy: BOC datasheet 2005)
Molecular Weight 17.03
Freezing Point -77.7 0C
Boiling Point -33.4 0C
Latent Heat 1370 kJ/kg
Ignition Temperature 651 0C
Flame Range, % 15-28
2. Experimental Set Up
Figure 2.1 shows the schematic diagram of the complete experimental setup of Diesel fuel engine. The components 
of the experiment set up of the present work are detailed below. Naturally aspirated direct injection water cooled 
diesel engine test rig was used. The engine is directly coupled to an eddy current dynamometer. The engine and the 
dynamometer are interfaced to a control panel which is connected to a computer. The software engine soft 2.4 
records the engine performance and combustion characteristics. The engine soft measure and calculate the 
parameters in every 3 seconds and the parameters which are used in the proposed work are exhaust gas mass flow 
rate and temperature. The input parameters that are required are exhaust gas composition. The engine specifications 
are given in Table 2.1.
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Fig 2.1. Schematic diagram of experimentation
                
                1.Burette                       5.SCR catalyst                          9.Loading knob   13.Flange
2.Load Indicator           6. Inline pressure Indicator        10.Control panel
                   3.RPM Indicator            7.Cylinder pressure Indicator   11.Globe valve
   4.Water flow Indicator   8. Rotameter                               12.Thermo couple
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Table 2.1 Specifications of the diesel engine
Engine 4 stroke single 
cylinder CI engine
Make Kirlosker
Power 5.2 KW@1500 RPM
Bore X Stroke 87.5 X 110 mm
Compression ratio 17.5:1
Connecting rod 
length
234 mm
Dynamometer type Eddy current with 
load cell
Load measurement Strain Gauge load 
cell
Fuel and air flow 
measurement
Differential pressure 
unit
Speed 
measurement
Rotary encoder
Interfacing ADC card PCI 1050
Fuel and air flow 
measurement
Differential pressure 
unit
        
2.1 SCR SETUP
In this experimental setup, a circular shaped, honeycomb type of SCR catalyst (Cordielite/Pt, 1.2 litre) is fitted to the 
exhaust pipe with flange supports as shown in Figure 2. Sealing gaskets were placed in between two flange 
connections. The gasket used was a high temperature resistance type in order to prevent gas leakage from the 
exhaust system. Some minor adjustment was necessary in the final SCR exhaust assembly because of the restricted 
space within the cell. A half inch barrel nipple of length 3 inch is coupled to the exhaust pipe through which 
ammonia gas is passed. 
Fig 2.2 SCR arrangement
A hose pipe from the ammonia cylinder is connected to a rotameter, where the ammonia flow rate can be controlled 
by turning the regulating knob. In the current work, the ammonia flow rate is varied between 0.2 – 0.8 kg/hr for 
different load conditions. The whole set of experiments were conducted at the designed injection timing of 27 deg 
bTDC, speed of 1500 rpm and 17.5 compression ratio. The engine was started by hand cranking with diesel fuel 
supply, and is allowed to get to steady state (for about 10 minutes). Water to engine cooling jacket flow rate was 
maintained at 250 litres/hr and water flow pressure to eddy current dynamometer was maintained between 1 to 5 
bars throughout the experiments. Water flow pressure was maintained using a ¼th HP water pump. The software 
was run and operated in online mode with a specific filename. To record the data online, software was logged every 
time and data will be stored in the computer hard disk, which can be retrieved as and when required. The 
120   A.P. Manoj Kumar et al. /  Procedia Technology  14 ( 2014 )  116 – 124 
experiments were conducted at no load, 25 %, 50 % and 75 % of full load with diesel operation. Data such as fuel 
flow, air flow, exhaust gas temperature, were recorded at these conditions.  An AVL made exhaust gas analyser was 
used to measure the exhaust gas emissions. With the analyser, NOx (ppm), CO (% Vol.), UBHC (ppm) and CO2 (% 
Vol.) emissions were measured.
3.  Simulation work using AVL FIRE
The steady state kinetic analysis has been carried out using AVL FIRE software. The governing equations 
included in this software are given in Wurzenberger et al. For a reasonably small mesh size the numerical 
solutions obtained by using either the central or the upwind difference scheme do not differ appreciably at 
moderate Reynolds numbers. Hence, momentum and continuity equations are solved by central difference scheme 
and energy equation is by upwind scheme. Since the obtained Peclet number is more than 2, the momentum and 
energy equations also solved by Upwind Scheme. It has been found that there is no much difference was found 
using either CDS or Upwind scheme. Calculations of boundary values are solved by extrapolate method and 
derivatives are solved by least square fit method. Turbulence scheme of K-Epsilon was used since it can be used 
for a variety range of Reynolds number; with no viscous heating. No slip boundary condition was defined at the 
wall. A honeycomb type circular catalyst made up of Cordierite/Pt material with size 118.4mm X127mm (DXL) and 
cell density 400 CPSI (Cells per square inch) and volume 1.2L has been used. The specific heat and density of the 
material is 1.46 kJ/kgK and 0.0215 kg/m3. Thermal conductivity of the material is 3 W/mK. AVL List GmBH FIRE 
Aftertreatnt Manual [6] gives the details of SCR reactions and related chemical kinetics. The Model was developed 
in a ESE aftertreatment module available in AVL FIRE. Meshing has been carried out in a Mesher section available 
in the software. Brief description about the meshing is given below.
Resolution
Component                         Trajectory cell length                      Cross section edge cells 
Catalyst                                        0.0127 m                                                64
Exhaust Line 0.00200 m 60
Boundary
Component                         Thickness                Layers              Compression
Catalyst                                 0.00200 m                      3                         1.00
Exhaust Line                         0.00200 m                      3 1.00
Porosities (Catalytic converters) 
Component                                             Front back layer length
Catalyst                 4%
Exhaust Line                 4%
3.1 Boundary conditions
3.1.1 Residence time:
The residence time is the major parameter which greatly affects the DeNOx conversion in SCR catalyst. The 
residence time has been calculated for each load conditions. Residence time is the time the reactants are within the 
catalyst. Temperature greatly affects the required residence time. The required residence time decreases as the 
temperature approaches the optimum temperature for the reduction reaction. The space velocity of a reactor is 
experimentally determined from the measured flue gas flow rate divided by the superficial volume of the catalyst. 
Figure 3.1  shows the variation of residence time with respect to load conditions.
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Fig.3.1 Residence time Vs Percentage of Load
3.1.2 Inlet Condition
(a) Mass flow rate of Exhaust gas:
Mass flow rate of an exhaust gas is another parameter which affects the NOx conversion rate in SCR catalyst. Mass 
flow rate will vary with engine load. The Fig 3.2 explains the variation of mass flow rate of an exhaust gas with 
percentage of load. It has been found that as the load increases, the mass flow rate of exhaust gas decreases. This is 
due to, change in density of a gas. When load increases, exhaust gas temperature also increases, which results in 
lower density of a gas.
                                
Fig. 3.2 Mass flow rate of exhaust gas Vs Percentage of Load        Fig.3.3 Exhaust gas temperature Vs Percentage of          
Load
     (b) Concentration of species: The concentration of species is measured from AVL make exhaust gas analyser for 
different load conditions. For different load conditions the concentration of different species measured are given in 
Table 3.1.
Table 3.1 Concentration of species measured by AVL Five Gas Analyser for Diesel Fuel
Loading 
Condition
NOx 
(ppm)
CO
(% vol)
CO2 
(% vol)
O2 
(% vol)
HC
(ppm)
No Load 112 0.04 1.46 18.35 13
25% of full 
load
260 0.04 1.93 17.85 15
50% of full 
load
378 0.08 2.73 16.42 17
75% of full 
load
615 0.18 3.96 14.26 32
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Inlet Exhaust gas temperature: Exhaust gas temperature with respect to load conditions are given in Fig.3.3
Ammonia Inlet Concentration: 0.2 kg/hr to 0.8 kg/hr (Continuous induction)
utlet Condition
(a) Outlet Pressure: 1 bar
lts and discussion
R process chemically reduces the NOx molecule into molecular nitrogen and water vapour. As nitrogen 
agent such as ammonia is injected into exhaust downstream of the combustion unit, the exhaust gases mixes 
reagent and enters into a reactor module containing catalyst. The exhaust gases and reagent diffuse through 
lyst. The catalyst have porous ceramic honeycomb structures which is coated with active catalyst material 
reby differing amounts of ammonia are stored in the catalyst pores depending on the flow rate. For better 
here should be uniform distribution of gaseous ammonia over the cross section of the SCR catalyst. The 
d ammonia is removed from the catalyst surface either by reactions (eq. 1-2) or by desorption (slip off). 
ature, amount of reagent and catalyst activity is the main factors that determine the actual conversion 
cy. It has been observed that as the load increases, the exhaust gas temperature also increases. Figure 3.3 
how exhaust gas temperature varies with load conditions.
ained that at higher temperature, the Catalyst activity is more, which results in maximum DeNOx efficiency. 
very high temperature, there is a chance of desorption of ammonia from the catalyst, which results in 
m NOx conversion.  Figure 4.1 shows the NOx outlet concentration with respect to varying load conditions. 
that as the load increases, the NOx emission also increases. 
Fig 4.1. NOx concentration Vs. Percentage of Load
periment has been carried out for two conditions.(1) With SCR catalyst and (2) Without SCR catalyst. 
ment is carried out for different load conditions, where NOx concentration has been noted down using AVL 
xhaust gas analyzer, without fitting SCR catalyst at the exhaust pipe. Again, same set of experiments have 
ried out after fitting SCR catalyst at the exhaust pipe. The percentage difference in concentration of NOx in 
cases will give NOx conversion efficiency of SCR. Ammonia induction has been varied from 0.2 kg/hr to 
hr. It has been observed that at no load, NOx was reduced from 112.5 ppm to 80 ppm after using SCR 
Similarly, at 25% load 240 ppm to 164ppm, at 50% load 378 ppm to 171 ppm and at 75% load 615.23 ppm 
pm NOx were reduced. The detailed NOx conversion percentage obtained during experimental and 
on is shown in Fig 4.2.
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Fig 4.2. NOx Conversion Vs Percentage of Load
The Fig.3.3 explains the variation of exhaust gas temperature with respect to varying load conditions. It shows that 
as the percentage load increases, the exhaust gas temperature also increases. At no load condition 1800C temperature 
was observed, whereas at 25% of full load 2400C, at 50% of full load 3200C and at 75% of full load 4900C 
temperature has been observed. From the Fig.4.1, it can be clearly observed that at 50% of full load for all the 
ammonia flow rates, maximum conversion has been observed, where NOx concentration was reduced from 378 ppm 
to 169 ppm. This is because; the catalyst exhibited maximum selectivity at the temperature of 3780C. The minimum 
conversion is observed at 75% of full load, where NOx concentration was reduced from 615 ppm to 526 ppm. The 
NOx conversion with respect to varying load condition is explained in Fig.4.2.
It has been observed that maximum NOx conversion was achieved at 50% of full load for all flow rates of ammonia 
where exhaust gas temperature is 3780C. At 75% of full load, minimum conversion was achieved. This is because of 
increased emission of hydrocarbons at 75% load, which inhibits SCR reaction, results in lower NOx conversion. 
Another reason for lower NOx conversion is minimum residence time. As the load increases residence time 
decreases as shown in Fig.3.1. Hence reaction takes place at a shorter interval of time. Increased temperature, and 
lesser residence time results in minimum NOx conversion. From the Fig. 4.2 it has been observed that, the 
experimental and simulation results are in close agreement with each other.
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Conclusions
From the above discussion it can be noted that both the experimental and simulation results are in close 
agreement with each other. Here at 0.6 kg/hr. flow rate of ammonia through the SCR system effectively 
convert NOx emissions of diesel under all load condition and when the flow rate is higher than 0.6 kg/hr. It 
tends to decrease the conversion efficiency. It is also found that at 0.2 and 0.4 kg/hr flow rate of ammonia is 
not sufficient to convert maximum NOx emissions at all loads.It has been found that for 50% of load, 0.6 
kg/hr ammonia flow rate maximum of 56% of conversion is achieved, due to optimum exhaust gas 
temperature (3200C) at which the reactions takes place effectively.For higher loads, say 75% of load, the NOx 
conversion is found to be minimum due to high temperature which will leads to desorption of ammonia, and 
sintering effect. It has also been concluded that Cordierite/Pt catalyst can be successfully used in light and 
medium duty vehicles, as it gives better NOx conversion at a temperature of 3200C.
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